Abstract. In order to understand the evolution of the protons and magnetic field in the inner plasma sheet from quiet to disturbed conditions, we incorporate a modified version of the Magnetospheric Specification Model with a modified version of the Tsyganenko 96 magnetic field model to simulate the protons and magnetic field under an increasing convection electric field with two-dimensional force balance maintained along the midnight meridian. The local-time dependent proton differential fluxes assigned to the model boundary are a mixture of hot plasma from the mantle and cooler plasma from the low latitude boundary layer. We previously used this model to simulate the inner plasma sheet under weak convection corresponding to a cross polar-cap potential drop (∆Φ PC ) equal to 26 kV and obtained two-dimensional quiet time equilibrium for proton and magnetic field that agrees well with observations. We start our simulation for enhanced convection with this quiet time equilibrium and time independent boundary particle sources and increase ∆Φ PC steadily from 26 kV to 146 kV in 5 hours. Simulations are also run separately to steady states by keeping ∆Φ PC constant after it is increased to 98 and 146 kV. The magnitudes of proton pressure, number density, and temperature and their increase from quiet to moderate activity (∆Φ PC = 98 kV) are consistent with most observations. Our simulation at high activity (∆Φ PC = 146 kV) underestimates the observed pressure and temperature. This disagreement indicates possible dependence of the boundary particle sources on activity and possible effects of solar wind dynamic pressure enhancements that have not yet been included in our simulation. The simulated equatorial pressures and temperatures show stronger enhancement on the dusk side than on the dawn side as convection is increased, while density profiles show an increase on the dawn side and a decrease on the dusk side. The simulated proton flow speed at the equatorial plane increases with enhancing convection while the overall flow direction does not change significantly, a result of enhancement in both the earthward electric drift and azimuthal diamagnetic drift. The equatorial magnetic field strength decreases more in the near-Earth plasma sheet than at larger radial distances as ∆Φ PC increases, resulting in an increasing flat radial profile with enhancing convection. The feedbacks from diamagnetic drift and magnetic fields to increasing convection are found to restrain the pressure increase. Based on the good agreement between our results and observations at moderate activity, our magnetic field indicates the plasma and magnetic field in the plasma sheet can be in a state far from possible force balance inconsistency during periods of moderately enhanced convection. A scale analysis of our results shows that the frozen-in condition E = -v×B is not valid in the inner plasma sheet for moderate activity.
Introduction
The convection electric field resulting from the coupling of the Earth's magnetosphere with the solar wind drives plasma in the tail plasma sheet earthward. This transport results in plasma heating and magnetic field stretching, which becomes very significant in the inner plasma sheet. (The inner plasma sheet is usually referred to the region of the plasma sheet between the earthward edge of the plasma sheet and X GSM ~ -20 R E . The earthward edge of the plasma sheet is located at X GSM ~ -10 R E at midnight during quiet times. Its location moves earthward as activity increases and can move to X GSM > -5 R E during storm times). Therefore the inner plasma sheet plays an important role in storing energy from the solar wind. The stored energy and the transport itself are important sources for geomagnetic disturbances. For example, the spatial distribution of enhanced plasma energy is important for understanding current-wedge formation and auroral breakup during substorms [e.g., Samson et al., 1992] , and the inward motion of the plasma sheet during storms is important for the formation of the storm time ring current [e.g., Chen et al., 1994; Kozyra et al., 1998 ]. However, satellite measurements in this region are too scarce to depict detailed two-dimensional distributions of particle energy spectra and bulk parameters, to reveal their variations with activity, or to realistically discern the magnetic field configuration and evolution in association with variations in activity. The limitations of available data have also hindered our ability to realistically model the inner plasma sheet and its variations with geomagnetic activity. Therefore, simulating the evolution of plasma and magnetic field in the inner plasma sheet under enhanced convection is crucial to the understanding of the role of the plasma sheet in storms and geomagnetic disturbances.
The large-scale plasma transport results from electric drift and magnetic drift. The flow during quiet times is slow (~ 50 km/s) [Huang and Frank, 1986] , and its velocity increases with activity [Zhu, 1993] . Fast earthward bursty flows (> 400 km/s) are also observed in the plasma sheet [e.g., Baumjohann et al., 1989; Angelopoulos et al., 1993] , but are confined to narrow channels of a width of a few R E [Sergeev et al., 1996; Angelopolous et al., 1996] . It has been questioned if large-scale plasma flow within the inner plasma sheet could remain steady under conditions of enhanced convection. Erickson and Wolf [1980] suggested that steady plasma transport could result in pressures in the inner plasma sheet that would be too high to be balanced by the magnetic force, resulting in force imbalance that would disrupt the plasma transport and prevent a steady-state equilibrium from being possible. This is known as pressure balance inconsistency. However, observations during steady magnetospheric convection (SMC) events show that large-scale convection can remain stable for long periods of southward IMF [Sergeev et al., 1994] . Observations also show the plasma sheet plasma pressure is well balanced by the lobe magnetic pressure at different distances from the Earth and for different levels of magnetic activity [Baumjohann et al., 1990] . Therefore, self-consistent modeling of plasma drift and magnetic field can help determine if the plasma-magnetic field state during enhanced convection can reach a stable equilibrium or is subject to a pressure balance inconsistency.
There had been several modelings of the plasma sheet using ideal MHD simulations [e.g., Ogino et al., 1992; Walker et al, 1993] or kinetic models [e.g., Spence and Kivelson, 1993; Ashour-Abdalla, 1994] . Despite the advantage of self-consistently model fields and plasma in MHD simulations, the magnetic drift is not correctly included in MHD due to the use of the frozen-in condition that is not valid in the region of the inner plasma sheet [Hori et al., 2000; Wang et al., 2001] . In addition, MHD does not allow for the important mixing of particles from the different sources that occurs within the inner plasma sheet as a result of energy dependent magnetic drift. On the other hand, kinetic models can accurately calculate particles' electric and magnetic drift, but kinetic simulations are currently performed under non-consistent fields. A self-consistent modeling of electric and magnetic drift and fields has been performed by Toffoletto et al. [1996; . They incorporated the Rice Convection Model (a non-MHD model) with a magnetic field relaxation technique developed by Hesse and Birn [1993] to simulate the magnetotail under enhanced convection. However, because of numerical limitations in their model, they were unable to determine if a steady state configuration could be obtained under conditions of steady enhanced convection. Hau et al. [1989] and Hau [1991] artificially included the effect of magnetic drift on the radial variation of pV 5/3 in their MHD model and showed that a steady state solution is possible for the inner plasma sheet under steady convection. These previous simulations have advanced our understanding of plasma sheet dynamics. However, no non-MHD simulation has yet obtained a self-consistent magnetic field-plasma pressure solution for the inner plasma sheet that remains stable under conditions of enhanced convection.
Previously we self-consistently modeled protons' electric and magnetic drift under a quiet time convection electric field using a modified version of Magnetospheric Specification Model [Freeman et al., 1993] and a modified version of the Tsyganenko 96 magnetic field model [Tsyganenko, 1995; with force balance maintained along the midnight meridian [Wang et al., 2001; . The boundary particle distributions provide particle sources for the plasma sheet population and are taken to be a mixture of particles that come from the mantle and are energized in the distant plasma sheet and that come from the low latitude boundary layer (LLBL) . The boundary conditions were constructed based on Geotail observations [Paterson et al., 1998 ] and results of the finite-tail-width-convection model [Spence and Kivelson, 1993] . The results reproduced quantitatively the general features of quiet time plasma distributions and flows within the inner plasma sheet observed by different satellites.
In the present work, we extend our previous quiet simulations to simulate the transport of plasma sheet protons under enhanced convection by increasing the convection electric field slowly and steadily with magnetic fields adjusted to maintain 2-dimensional force balance along the midnight plane. The objects of this simulation are to describe the evolution of plasma and magnetic fields in the inner plasma sheet as energy input from the solar wind is increased, to account for the observed changes in the plasma sheet, to determine whether the force balance inconsistency within the inner plasma sheet can be resolved, and to investigate the processes involved in this resolution.
Modeling and Simulation Description
In this simulation only protons are modeled. Electrons are neglected since their pressure is typically an order of magnitude lower than the proton pressure [Spence et al., 1989] . Other ion species are also neglected because of their low concentration compared to protons. Even though O + ions are very important for the storm time ring current, their access to the plasma sheet as a function of local time and radial distance is still not well understood. Therefore, we don't explore the O + contribution in this simulation. We simulate the plasma transport and energization by large-scale plasma drift; transport associated with bursty flows and substorm injection are not included. The transport of protons in the plasma sheet is modeled by a modified version of the Magnetospheric Specification Model (MSM) [Freeman et al., 1993] under a specified electric field and a force balanced magnetic field provided by a modified version of the Tsyganenko 96 magnetic field model (T96) [Tsyganenko, 1995; . In this section we briefly describe the models and the conditions used in this simulation of enhanced convection.
Magnetospheric Specification Model
The MSM calculates the bounce-averaged electric drift and magnetic drift of a flux tube filled with an isotropic distribution of ions or electrons with a set of specified kinetic energies within the closed field line region of the magnetosphere. Assuming that the particle distributions are isotropic and that the drift motion is adiabatic, the change in the particle kinetic energy can be determined from the change of flux tube volume along its drift path according to the relation [Wolf, 1983] 
where E k is the particle's kinetic energy, λ is constant along a particle's drift path and is called the energy invariant, and V is the flux tube volume per unit magnetic flux that is defined as V = ∫ds/B, where B is the magnitude of the magnetic field and ds is the differential unit element along the field line. The bounceaveraged drift v D at position x and time t is independent of pitch angle and can be described as [Wolf, 1983] 
where Φ is the electric potential, B is the magnetic field, and q is the particle's electric charge . The first term on the right side of (2) is the electric drift and the second term is the magnetic drift. Using an electric and a magnetic field model to provide Φ(x,t) and V(x,t), the drift trajectory of particles of a given energy invariant λ within a flux tube is traced using (2) in the MSM.
In the plasma sheet, the timescale for proton loss by strong pitch angle diffusion is much longer than the convective timescale [Southwood and Wolf, 1978; Huang et al., 1989] ; therefore proton loss through precipitation can be neglected. It has also been pointed out that waves are not strong enough to significantly change particle energies [Huang et al., 1989; Erickson, 1992] , and proton loss due to charge exchange is small in the plasma sheet. Thus the motion of plasma sheet protons can be regarded as adiabatic. Observations show the particle distribution in the plasma sheet can be regarded as isotropic [Stiles et al, 1978; Nakamura et al., 19991] . Therefore, the two assumptions used to derive (2) are valid in the plasma sheet and this ensures the validity of using the MSM to simulate the motion of plasma sheet protons.
With specified particle distributions assigned inside the model as an initial condition and along the model boundary as particle sources, the subsequent evolution in the particle distributions resulting from different drift of different energy protons are then calculated. Details about the region of our modified MSM and how the MSM simulates particle fluxes and distribution of plasma pressure, number density, and temperature are given by Wang et al. [2001] .
Electric and Magnetic Field Models
The MSM calculates the bounce-averaged drift velocity (2) in the ionosphere. Therefore B(x, t) and Φ(x, t) in (2) are the Earth's dipole field and the electric potential in the ionosphere. The drift due to induction electric field is negligible in the ionosphere; however the effects of electric fields induced in the magnetosphere as the magnetic field changes are included by the MSM when particle distributions are mapped along field lines to the equatorial plane under self-consistent magnetic field. The convection electric field used in our model is essentially that of the original MSM, which has been developed to represent a realistic convection electric field. Its strength is controlled by the cross-polar cap potential drop (∆Φ pc ). The modeled distribution of the electric field potential inside the polar cap is based on the Heppner and Maynard empirical model [Heppner and Maynard, 1987] . At low latitudes (equatorward of the auroral latitudes) the distribution is based on the Rice Convection Model [Spiro et al., 1988] , and shielding of the convection electric field is included. At auroral latitudes the electric potential is an analytic formula that gives conventional sunward convection and joins smoothly with the formula used at higher and lower latitudes. The electric field model is controlled by parameters that include the size of the polar cap, interplanetary magnetic field (IMF)-dependent convection pattern inside the polar cap, the cross polar-cap potential drop (∆Φ PC ), the latitude of shielding layer, and the penetration electric field. Except for ∆Φ PC , all these parameters are originally controlled by a model input Kp.
A magnetic field model is used to calculate V(x,t) and to map plasma distributions from the ionosphere to the equatorial plane. If the model magnetic fields are self-consistent with the plasma pressure, then the distributions mapped to the equatorial plane are results of equatorial plasma motion that includes induced electric fields. We have developed a modified version of the Tsyganenko 96 (T96) magnetic field model that maintains two-dimensional force balance with simulated plasma pressure in the midnight plane. The original T96 is an empirical model that generates realistic large-scale magnetic field configurations, but its current density distributions have constraints that prevent the model from being directly used to obtain a force-balanced field. Therefore, we improved the flexibility of the T96 by adding a set of additional, adjustable small-scale circular current loops [Tsyganenko, 1998 ] to the original T96 model. Descriptions of the adjustable current loops and how they are incorporated into the original T96 are given by Wang et al. [2002] . With this flexibility, we adjust the amplitude and direction of the additional current loops and their associated shielding magnetic field in the modified T96 to maintain (j×B) x = (∇ ∇ ∇ ∇p) x at the equatorial plane and (
15 R E = p(z = 0) along the midnight plane in the region of the plasma sheet. Because of large computing time associated with the use of the small-scale adjustable current, we adjust the currents till the maximum error in the force balance requirements is ≤ 15%.
Conditions for the Simulation of Enhanced Convection
We start our simulation of enhanced convection with the previously modeled quiet time equilibrium for the protons and magnetic field [Wang et al., 2001; as our initial conditions. Since our focus in the current study is understating how the drift motion and energization of the plasma sheet protons vary quantitatively with an increasing convection electric field, we single out ∆Φ PC in the MSM electric field model as the only time dependent parameter and keep other parameters at their quiescent values (that is, corresponding to Kp = 1 and a convection pattern for IMF B y =0, and IMF B z < 0) and independent of time. In reality, the time variation of ∆Φ PC during disturbed times can be very complicated. To simplify our simulation under enhanced convection, we start with ∆Φ PC = 26 kV (the value used for our quiet time simulations) and increase ∆Φ PC steadily at a constant rate of 0.4 kV/minute (In the MSM, ∆Φ PC is specified at each time step, taken to be 30 minutes in this simulation, and the value of ∆Φ PC between time steps is linearly interpolated. We specify that ∆Φ PC is increased by 12 kV every 30 minutes). The simulation is divided into two parts based on specified variations of ∆Φ PC as shown in Figure 1 . We first run the simulation until ∆Φ PC is increased to 98 kV after 180 min and then keep ∆Φ PC constant for another 2 hours. This part is to simulate the evolution of the plasma sheet from quiet time to moderate activity and to determine if a steady state can be obtained when the energy input is constant. The second part continues from the first part of the simulation at = 180 min with ∆Φ PC increasing steadily after that time until it reaches 146 kV at t = 300 min. The simulation then continues with constant ∆Φ PC = 146 kV for another 2 hr to determine if a steady state can be reached under higher ∆Φ PC . The results from the second part represent the plasma sheet at high activity. Note that the shielding layer in the MSM electric field model for quiet time condition maps to ~ r = 10 R E at the night side; therefore the convection electric field is confined to mainly outside of r = 10 R E (the convection electric field drops at r ~ 10 R E and decreases to zero at r ~ 7 R E , see the E y component in Figure 16 of Wang et al. [2001] ). This similarly prohibits the plasma sheet from penetrating earthward of r ~ 10 R E . We do not take into account the equatorward motion of the shielding layer the might be expected under increasing convection. Thus changes in the simulation results take place mainly beyond r = 10 R E .
The T96 magnetic field model is controlled by the solar wind dynamic pressure (P SW ), Dst, IMF B y , and IMF B z . The solar wind dynamic pressure determines the standoff distance and the size of the magnetopause; and the IMF and Dst determine the strengths of major magnetospheric currents (ring current, cross-tail currents and Birkeland currents) within T96. In this simulation, we use the same values for these parameters that we used for our quiet time simulations (P SW = 1 nPa, Dst = -6 nT, IMF B y = 0, and IMF B z = -1 nT) and keep them constant. Therefore the ring current and cross-tail current are changed only by the adjustment of the adjustable current loops that are made to maintain force balance, so that the resulting changes in magnetic field configuration are purely in response to the changes of the simulated plasma pressure.
The initial proton distributions within the model region are the distributions obtained from the quiet time simulations [Wang et al., 2002] . No protons of ionosphere origin are considered. The boundary particle distributions take into account warmer particles that originate from the mantle and are transported earthward from the distant tail to our model outer boundary and cooler particles from the low latitude boundary layer. The mixing of these two populations is described by a bi-kappa particle distribution (a sum of two kappa distributions), 
where N is the densities, m is particle mass, E 0 is the energy of the peak particle flux, and κ is constant. Parameters with subscript 1 (2) determine the warmer (cooler) population. Bi-kappa distribution are assigned to the dawnside and near-Earth (inside X GSM = -10 R E ) duskside model boundary and single kappa distributions (E 0,2 = N 0,2 =0) to the tail (beyond X GSM = -10 R E ) duskside boundary. The values of N, κ, and E vary with local time. We used observations from Geotail [Paterson et al., 1998 ] and the results of the finite-tail-width convection model [Spence and Kivelson, 1993] as guidelines to construct the quiet-time boundary particle fluxes at different local times. The values of Es and Ns for quiet time boundary conditions are given in Table 1 of Wang et al. [2001] .
Initially we performed our simulations for enhanced convection using our quiet time boundary condition and kept it unchanged as we increased ∆Φ PC . However, the results from this initial run showed a strong enhancement in density on the dusk side at Y GSM > 7 R E , which is not seen in the DMSP observations [Wing and Newell, 1998 ]. The strong number density increase was caused by strong compression of the protons from the duskside boundary driven by their strong earthward electric drift. The disagreement suggested that the particle populations at the duskside boundary should be warmer and less dense at disturbed times than at quiet times so their duskward magnetic drift would be larger, thus reducing the number density increase. Therefore we raised the temperature and decreased the number density of the particle populations along the duskside boundary by specifying the E 0,1 s and N 1 s that determine the single-kappa distributions at the duskside boundary to be the same as those that determine the first kappa distributions at the dawnside boundary. As we will show in section 3, these new boundary conditions result in better agreement between modeled and observed equatorial profiles. The modification we made to the duskside boundary condition is also consistent with our expectation for a disturbed time boundary condition based on observations and proton dynamics; this is further discussed in 4.1. In this simulation we use this modified boundary condition and keep it independent of time in order to single out the effect of increasing convection strength on the change of the plasma sheet.
Simulation Results
In this section we discuss the results of the simulation for different ∆Φ PC and their comparison with observations to determine whether our calculations agree with the general observed properties of the plasma sheet. For the plasma sheet bulk parameters, qualitative descriptions of their change with activity are given in 3.1 to 3.3 and quantitatively comparisons with observations are investigated in 3.4. Figure 2 shows the simulated total proton pressure in the equatorial plane near the midnight meridian for -10 R E > X GSM > -20 R E and for times when ∆Φ PC reached the values indicated in the figure. Individual points for this plot were obtained by averaging over bins extending 2 R E in the X GSM -direction and over |Y GSM | ≤ 10 R E . Note that no inward motion of the inner edge of the plasma sheet from quiet to disturbed times is taken into account in this simulation. This confines the plasma sheet to mostly beyond r = 10 R E , as it was for our quiet-time simulation. For all values of ∆Φ PC , the proton pressure increases with decreasing distance from the Earth. The overall magnitude of the pressure increases with ∆Φ PC . The pressure enhancement is larger at smaller radial distance, which is qualitatively consistent with the pressure profile change from Kp = 1 to 3 observed by ISEE 1 (see Figure 6 of [Spence et al., 1989] ). Figure 3 shows the distributions of the simulated proton pressure at the equatorial plane from low to high ∆Φ PC . Proton pressures at r < 10 R E are not shown in Figure 3 because the model convection electric field in this simulation is strongly shielded inside r ~ 10 R E , therefore, the pressures inside r = 10 R E are mainly determined by the initial particle distributions and change only slightly with ∆Φ PC . Similarly, the proton densities and temperatures at r < 10 R E are not shown in Figures 5 and 7 , respectively. For ∆Φ PC = 26 kV, the pressure seen in Figure 3a is relatively uniform across the tail at larger radial distances (X GSM < -15 R E ) but there is a weak dawn-dusk asymmetry with slightly higher pressure on the dusk side at smaller radial distances. This asymmetry results from the duskward drift motion of protons in the plasma sheet. As ∆Φ PC increases, the pressure at larger radial distances increases mainly on the dusk side. As the radial distance decreases, pressure is seen to increase with activity on both dusk and dawn side and the dawn-dusk asymmetry becomes weaker. This can be seen in Figure 3 by the contours becoming increasingly circular as ∆Φ PC increases. To show the change of the asymmetry quantitatively, we averaged the pressure over the region 12.5 R E < r < 15 R E and 0 ≥ X GSM ≥ -10 R E in the dusk to midnight quadrant and divided it by the averaged pressure over the same spatial range in the midnight to dawn quadrant. We find that the ratio is 2.33 for ∆Φ PC = 26 kV and that it drops to 2.07 for ∆Φ PC = 98 kV and 1.95 for ∆Φ PC = 144 kV. Near the inner edge of the plasma sheet (r ~ 10 R E ), the pressure enhancement on the dusk side is much stronger than the enhancement on the dawn side, resulting in a stronger dawn-dusk asymmetry at small radial distances for higher activity level (the ratio of the averaged pressure in the regions 10 R E < r < 11 R E and 0 ≥ X GSM ≥ -10 R E in the dusk to midnight quadrant to the pressure in the midnight to dawn quadrant is 1.36 for ∆Φ PC = 26 kV and increases to 1.48 for ∆Φ PC = 98 kV and 1.51 for ∆Φ PC = 144 kV). The pressure enhancement at the dawn side inner plasma sheet results primarily from the high energy protons from the dawn side model boundary. The increasing convection electric field allows these protons to penetrate to smaller radial distances on the dawn side before magnetic drift carries them to the dusk side. This will be discussed in section 4.2.
Proton Pressure
In general, the trends of the simulated 2-D pressure distributions with increasing ∆Φ pc agree well with the trends seen in the DMSP observations from quiet to high activity levels (see Plate 1 of Wing and Newell [1998] ). DMSP measures the plasma sheet plasma at the low altitude end of magnetic flux tubes rather than at the equatorial plane; however, Wing and Newell [1998] mapped the DMSP observations by assuming an isotropic distribution to show how plasma bulk parameters are distributed at the equatorial plane and how their distributions vary with geomagnetic activity. This information is not available from any other study. The DMSP pressures distributions show that the dawn-dusk asymmetry seen within r < 15 R E at low activity weakens for moderate and high activity due to an increase of pressure on the dawn side. At the inner edge of the plasma sheet, a region of higher pressure is seen to develop in the premidnight sector at moderate activity and in both the pre-and post-midnight sectors for high activity. These trends in the DMSP pressure distributions from quiet to high activity are reproduced by our simulations . The regions of strong pressure increase appear at smaller radial distance (r ~ 7 R E for high activity) in the DMSP distribution than in our distribution because we didn't simulate the inward motion of the plasma sheet. However, the DMSP observations show that at large radial distances (r > 15 R E ) the pressure on the dawn side exceeds the pressure on the dusk side for high activity, which is not seen in our results. This disagreement indicates that our constant boundary condition may not be fully appropriate for high activity. Figure 4 shows the radial profiles of the simulated number density in the equatorial plane around the midnight meridian, which is averaged in the same manner as the simulated pressure shown in Figure 2 . The profiles show that the number densities, for all ∆Φ pc , increase with decreasing radial distance from the Earth. The overall magnitude of density becomes higher as ∆Φ pc increases but the increase is not strongly dependent on radial distance. These features of the number density profile change from quiet to high activity levels are consistent with those seen in the DMSP radial profiles (see Figure 7a , 7c, and 7d of Wing and Newell [1998] ).
Proton Number Density
The simulated proton densities within the equatorial plane for different ∆Φ PC are shown in Figure 5 . For ∆Φ PC = 26 kV, we see lower density around midnight and higher density toward the dawn and dusk flanks. As ∆Φ PC increases, the number density on the dawn side is enhanced while the number density on the dusk side decreases. The dawnside enhancement is due to cooler protons being transported from the dawnside boundary. The stronger electric drift associated with higher ∆Φ PC moves particles to regions closer to the Earth, and thus to a smaller flux tube volume. Since the number of source protons along the dawnside boundary is not changed with ∆Φ PC , stronger compression of the same amount of source protons results in larger density for higher ∆Φ PC . The decrease on the dusk side from the quiet time density is mainly due to the change in the duskside boundary source. As mentioned in section 2.3, we raised the bulk temperature and decreased the total number density for the proton populations along the duskside boundary from their quiet time values. The increased temperature increases the duskward magnetic drift of these source particles, which restrains their earthward motion to the inner plasma sheet. This together with the decrease in the number of source particles contributes to the decrease of number density on the dusk side inner plasma sheet with increasing ∆Φ PC .
Our quiet time density distribution agrees well with the DMSP observations (see Plate 3 of Wing and Newell [1998] ). From quiet to moderate activity, the DMSP density distributions show a noticeable increase in the midnight to dawn quadrant while the region of higher number density on the dusk side retreats toward the dusk flank. As a result, the dawn-dusk asymmetry with higher density on the dawn side becomes stronger at moderate activity. From moderate to high activity, the DMSP density distributions show that the asymmetric pattern remains while the overall density increases with the exception that the number density along the dusk flank is decreased. Our density changes are qualitatively consistent with the DMSP observations. Note that this good agreement could not be achieved if we didn't modify our duskside boundary condition from its quiet time values. This is discussed more in 4.1. Figure 6 shows the simulated temperature profiles in the equatorial plane around the midnight meridian, which are averaged in the same manner as the simulated pressures shown in Figure 2 . The profiles show that temperature, for all ∆Φ PC , increases with decreasing radial distance from the Earth. The overall magnitude of temperature increases with activity but the increase becomes small when ∆Φ pc > 62 kV. This is because the temperature increase for ∆Φ pc > 62 kV occurs mainly at Y GSM > 10 R E and Figure 6 only shows temperature at |Y GSM | ≤ 10 R E . The temperature increase does not depend strongly on radial distance. The changes of the profiles from low to moderate values of ∆Φ pc qualitatively agree with the changes in the DMSP observations from low to moderate activity levels (see Figure 6a , 6c, and 6d of Wing and Newell [1998] ), but the increases for large values of ∆Φ pc are below those observed.
Proton Temperature
Simulated proton temperatures throughout the equatorial plane for all ∆Φ PC are shown in Figure 7 . The quiet time distribution (∆Φ PC =26 kV, Figure 7a ) shows that at larger radial distances the temperature is highest around midnight and with decreasing radial distance the temperature maximum moves toward dusk. This agrees well with the quiet time DMSP temperature distribution (see Plate 3 of Wing and Newell [1998] ). As activity increases, our distributions show that the temperature peak at larger radial distances moves from midnight to positive Y GSM and that there is a strong temperature increase in the midnight-to-dusk quadrant at smaller radial distances. The region of strong enhancement moves further toward dusk as ∆Φ pc increases. There is an enhancement in the midnight to dawn quadrant as well and this region of enhancement moves toward dawn with increasing ∆Φ pc . The temperature does not increase much inside |Y GSM | < 10 R E for large ∆Φ pc because the regions of primary enhancement move to larger Y. The enhancement on the dusk side is a result of protons' duskward drift and the enhancement on the dawn side is due to the change in the trajectories of high energy particles from the dawnside boundary. The enhancement on the dawn side is not as strong as that on the dusk side, therefore there is still a dawndusk asymmetry with higher temperature on the dusk side for higher ∆Φ pc. The changes in the regions of enhancements and dawn-dusk asymmetry seen in our temperature distributions from low to high ∆Φ pc are qualitatively in agreement with the changes seen in the DMSP observations from quiet to high activity. Figure 8 shows how the magnitude of pressure, number density, and temperature inside |Y GSM | = 10 R E change as ∆Φ PC increases within three different X GSM ranges. It is clearly seen that pressure and number density increase approximately linearly with ∆Φ PC as ∆Φ PC is increased from 26 to 110 kV and that the rate of increase becomes smaller for ∆Φ pc > 110 kV. The temperature increases linearly from ∆Φ PC = 26 to 62 kV and the rate of increase becomes very small for ∆Φ PC > 62 kV because the temperature is enhanced mainly outside |Y GSM | > 10 R E for ∆Φ PC > 62 kV. (The dashed-and-dotted line in Figure 8b is the temperature averaged over -10 R E > X GSM > -16 R E and |Y GSM | < 15 R E and shows a slightly higher increase rate for high ∆Φ PC .) The pressure increase is seen to be stronger at smaller radial distances but the density and temperature increase rates are similar at different radial distances.
Dependence of Plasma Bulk Parameters on
In Table 1 , we give the average values of proton pressure, number density, and temperature from our simulations for three different activity levels. We choose the results at t = 0 and ∆Φ PC = 26 kV to represent the quiet time plasma sheet, results at t = 120 min and ∆Φ PC = 98 kV to represent moderate activity, and results at t = 180 min and ∆Φ PC = 146 kV to represent the plasma sheet at high activity. For comparison with our simulation results, we also give in Table 1 the values of plasma pressure, number density, and temperature reported from different observational studies [Wing and Newell, 1998; Borovsky et al., 1998; Baumjohann et al., 1989; 1990; Huang and Frank, 1994] . The regions over which the observations were averaged vary in these studies. We choose to give the values for our model as averages over the region |Y GSM | ≤ 10 R E and -10 R E > X GSM > -22 R E , which is consistent with most of the studies. The indices used by these studies to represent activity level are also different. In order to make comparisons with our results under similar magnetic activity levels, we use ∆Φ PC = 31.65 + 12.5(AE/100) [Uvarov et al, 1989] and ∆Φ PC = 16.5 kV+ 15.5 kV ⋅Kp [Boyle et al., 1997] to find the values for AE and Kp that corresponds to ∆Φ PC = 26, 98, and 146 kV. If there is no observation corresponding to any of these AE and Kp values, then we use the one that is the closest. We can not find a published relationship between the b2i index used by Wing and Newell [1998] and ∆Φ PC , so we simply choose the lowest, the highest, and the middle values of b2i in their results to be representative of our three activity levels. But we acknowledge that there is ambiguity in equating these indices to ∆Φ PC because ∆Φ PC acts as a driver, while these indices are a measure of the magnetosphere's response to the driver. We obtained most of the observed values in Table 1 by estimating them visually from the figures in these studies. The pressures from Huang and Frank [1994] were calculated using their number densities and temperatures. For the results from Borovsky et al. [1998] , we use the values located on the lines they linearly fitted to their data. For the density and temperature from Wing and Newell [1998] , we took the values between -10 R E > X GSM > -22 R E from their radial profiles and performed the averages.
From Table 1 it can be seen that for the same activity level there is a range of values from different studies. Comparisons with the observations show that our pressure, number density, and temperature are within the observed ranges for quiet and moderate activity. For high activity, our pressure is lower than all observations by a factor ~2 (note that the pressure from Borovsky et al. [1998] is for a region of larger radial distances and the pressure from Huang and Frank [1994] is averaged over a larger Y GSM range than the ranges in other studies) and our temperatures at high activity are slightly higher than the temperature of Wing and Newell [1998] but are lower than the other observations. Our density at high activity is slightly higher than most of the observations but smaller than the observed value of Wing and Newell [1999] . The number densities from Wing and Newell [1998] are higher than other observations for all activity levels. This difference may reflect two important factors that affect the observed plasma sheet number density. The first is the solar wind number density. The solar wind density within the time period of the measurement from Wing and Newell [1998] is higher than the periods of other observations [Richardson et al., 1996] and there is a strong correlation between solar wind density and plasma sheet density ]. The second factor is the contribution of the particles below a satellite's low energy cutoff. Wing and Newell [1998] took this factor into account by fitting their measured ion flux to distribution functions instead of merely computing moments within their detector's energy range. As can be seen from our simulation results in section 4.2, the contribution from low energy particles to number density is important and should not be overlooked.
To investigate the dependence of these bulk parameters on activity, we also calculate in Table 1 the increase ratios of the three bulk parameters with increased activity (R 1 ≡ (value of moderate activity)/(value of quiet activity), R 2 ≡ (value of high activity)/(value of quiet activity)) from our results and the observations. All R 1 and R 2 values show that pressure increases with activity. However, there is uncertainty in the dependence of number density on magnetic activity from the observations. Lennartsson [1992] (not included in Table 1 ) and Huang and Frank [1994] found that number density decreases with increasing AE. The results from Baumjohann et al. [1989] show that density increases with activity in the region X GSM > -14 R E but decreases with activity in the region X GSM < -14 R E . On the contrary, the density increase ratios from Wing and Newell [1998] and Borovsky et al. [1998] are both larger than 1, as are our calculated increase ratios. The different dependences may result from different low energy cutoffs of the ion analyzers on the different satellites or from possible contamination by high density LLBL due to different criteria of data selection for plasma sheet encounter used in different studies ]. As for temperature, almost all the results show an increase with activity with the exception of the temperatures reported from Baumjohann et al. [1998] that decrease slightly from quiet to moderate activity in the region X GSM > -14 R E .
The comparisons of our increase ratios with the observations show that our pressure and temperature increases are reasonable from quiet to moderate activity, but that our simulation underestimates the pressure and temperature increase from quiet to high activity. The pressure and temperature increase ratios from quiet to high activity from the observations in Table 1 are a factor of ~1.6 larger than our simulated increase ratios. (Note that the number density from Huang and Frank [1994] decreases with activity, which explains why their pressure increase at high activity is as small as ours.) Despite the uncertainty in density change with activity, all observations show that number density has a weak dependence on activity and this is consistent with our results.
The consistency between our results and the observations of the radial profiles, the equatorial distributions, the magnitudes, and the increase ratios R 1 shows that our simulation can account for the plasma sheet evolution from quiet to moderate activity. For high activity, our radial profiles and equatorial distributions qualitatively agree with observations. The underestimate of the simulated pressure and temperature increase could be a result of the boundary conditions that we have used not being appropriate for high activity or could be the result of other factors that are not taken into account in the current simulation. This is discussed later in section 4.1.
Proton Flow
The average velocity 〈v〉 of protons in a time-independent magnetic field is
where n is number density and e is the electron charge. The first term on the right-hand side of (4) is the electric drift and the second term is the diamagnetic drift, which is the sum of magnetic drift and the magnetization effect.
The calculated proton flows in the equatorial plane from (4) for different ∆Φ PC are shown in Figure 9 . In this simulation the magnitude of the induction electric field in the equatorial plane is about 1/5 the magnitude of the convection electric field; thus its effect on electric drift is neglected when using (4) to calculate <v>. The electric drift is mainly directed toward the Earth and its magnitude is relatively constant across the tail due to the relatively uniform duskward convection electric field across the tail generated by the MSM. The diamagnetic drift for protons is mainly directed azimuthally toward positive Y GSM . For quiet times the flow near the dawn flank of the plasma sheet is dominated by electric drift. Since protons in this region are relatively cool (see Figure 7) and their number density is relatively high (see Figure 5) , their diamagnetic drift is small. Because the number density decreases and the pressure increases from the dawn flank toward midnight, the component of diamagnetic drift gradually becomes stronger from the dawn flank to midnight and eventually becomes as important as the electric drift. As a result, the flows are gradually diverted toward the dusk side as the diamagnetic drift grows. The diamagnetic drift dominates the pre-midnight flow. It then gradually decreases in magnitude toward the dusk flank due to the larger number density along the dusk flank and becomes smaller than the magnitude of electric drift. Therefore, this flow pattern shows that the plasma transported earthward from the distant tail is mainly diverted toward dusk in the inner plasma sheet and only plasma near the dawn flank maintains its earthward motion. The asymmetry in the flow indicates that the cool protons on the dawn side continue their motion to the dayside magnetopause but part of the hot proton population on the dusk side may be lost across the dusk magnetopause because of azimuthal drift. The flow speed in the plasma sheet is ~ 10-50 km/s during quiet times. In general, the speed and pattern of our simulated flow agree well with quiet observations from AMPTE, ISEE 2 [Angelopoulos et al., 1993 (see Figure 11 of Wang et al. [2001] ), and ISEE 1 [Zhu, 1993] .
As the ∆Φ PC increases, we can see from Figure 9 that the overall flow speed increases while the flow pattern basically remains unchanged with no significant changes in flow direction. This indicates that while the electric drift is enhanced as a result of increased convection electric field, the diamagnetic drift is enhanced as well. The averaged increase in flow speed is about a factor of 2.82 from ∆Φ PC = 26 to 98 kV and a factor of 4.04 from ∆Φ PC = 26 to 144 kV. The increase of velocity with geomagnetic activity is consistent with the ISEE 1 observations [Zhu, 1993] , which shows the velocity during periods of AE > 100 nT is about twice the velocity during periods of AE < 100 nT. Also the independence of the flow pattern on activity can be seen in Figure 2 and 3 of Zhu [1993] . Figure 1 of Hori et al. [2000] shows ion flow obtained from the Geotail spacecraft. Despite their flow being averaged over all activity levels, their flow pattern is very similar to our pattern, an agreement that suggests the flow direction does not change significantly with activity. The enhancement of diamagnetic drift with activity plays an important role in maintaining steady plasma transport under enhanced convection. This is discussed in section 4.5.
Magnetic Field
The equatorial magnetic field strengths along the midnight meridian for different ∆Φ PC are plotted in Figure 10 . In general the field strengths, for all activity levels, decrease with increasing distance from the Earth but the radial gradient changes significantly. In the plasma sheet, the decrease of the strength with increased activity is much stronger at the near-Earth edge than at larger distances. As a result, the radial profile becomes flatter as ∆Φ PC increases. The magnetic field in the inner magnetosphere remains strong; therefore a sharp radial gradient is formed at the inner edge of the plasma sheet (~ r = 10-11 R E ). The decreasing field strength with increasing ∆Φ PC in the plasma sheet is a result of field lines stretching caused by the increasing azimuthal current density carried by protons with increasing azimuthal diamagnetic drift. The significant stretching of magnetic field lines from low to high ∆Φ PC is shown in Figure 11 . The radial profile for enhanced convection is qualitatively consistent with the results of Sergeev et al. [1994] . By using near-geostationary magnetic field observations, magnetic field modeling, and a novel diagnostic technique (isotropic boundary algorithm), Sergeev et al. [1994] showed evidences for field line stretching and the formation of a sharp radial gradient during steady magnetospheric convection events.
Previous plasma sheet modeling for enhanced convection [Hau et al., 1989 , Erickson, 1992 , Toffoletto et al., 2001 and modeling fits to observations [Sergeev et al., 1994] showed that a B z minimum is formed at the location of the sharp field gradient. As shown in Figure 10 , our magnetic field profiles show that a local field minimum develops at the location of the sharp field gradient (r ~ 10 R E ) only for ∆Φ PC > 98 kV. (Note that the small dips right at the location of the sharp gradient seen in the profiles at ∆Φ PC = 50 and 98 kV in Figure 10 are due to a non-smooth distribution of our small scale adjustable current density.) In addition, the magnetic field strengths at larger distances (r ~ 20 R E ) are seen to increase at high ∆Φ PC . The formation of the local field minimum and the field increase at larger radial distances is a result of the pressure increase at smaller radial distances being much greater than the increases at larger distances at high ∆Φ PC , as seen in Figure 2 . The current density change corresponding to this distancedependent pressure increase generates a net magnetic field perturbation that is positive at larger distances. This is further discussed in section 4.5. It can be seen in Figure 10 the location of the sharp radial gradient moves slightly earthward as ∆Φ PC increases (~ 1 R E from ∆Φ PC = 26 to 146 kV). This is a response to a change of the earthward edge of the Alfvén layers, which is moved slightly earthward by the increased convection electric field at the inner edge of the plasma sheet even though the shielding layer is not moved. The earthward penetration is small compared to the space between the model grid points in the equatorial plane, which are mapped from the grid points on the ionosphere. This space increases as field lines become increasingly stretched; therefore sometimes the small earthward motion cannot be resolved by our grid, as seen in the field profiles for ∆Φ PC = 122 and 146 kV in Figure 10 .
The change of the magnetic field configuration implies changes in the spatial distribution of magnetic flux tube volumes. Its effect on plasma energization is addressed in section 4.5.
Steady State Plasma Sheet
We have run our simulation under constant ∆Φ PC after ∆Φ PC is increased to 98 kV at t = 180 min and to 146 kV at t = 300 min (see Figure 1 ) to see if the plasma and magnetic field can reach a steady state. In both cases, we find that pressure keeps increasing after ∆Φ PC is kept constant but that the pressure changes are relatively small. The pressure increase is seen mainly at smaller radial distances because the particles that enter from the model boundary need more time to travel to smaller radial distances. The increase gradually becomes smaller until there is no further change in the pressure (about 1 hour for ∆Φ PC = 98 kV and 0.5 hour for ∆Φ PC =146 kV) and both the pressure and magnetic field reach a steady state. Therefore, our simulation indicates that the plasma transport under constant convection can result in a steady state plasma sheet. The steady state plasma pressure and the equatorial magnetic field strength along the midnight meridian for ∆Φ PC = 98 kV are shown in Figure 12 and compared with the plasma pressure and field strength for ∆Φ PC = 98 kV at t = 180 min. The most significant difference in the magnetic field profiles is the formation of a modest field minimum at the inner edge of the plasma sheet when the plasma sheet reaches steady state. This, like the field minimum occurs at ∆Φ PC > 98 kV, is due to the pressure increasing mainly at smaller radial distances after ∆Φ PC becomes constant. The pressure at the steady state for constant ∆Φ PC = 146 kV is slightly higher than the pressure for ∆Φ PC = 146 kV at t = 300 min at smaller radial distances, but the pressure is almost the same at larger distances. Responding to this pressure increase, the field strength at the inner edge of the plasma sheet becomes smaller as the pressure approaches the steady state, resulting in a field minimum during the steady state that is slightly deeper than the field minimum at t = 300 min.
Additional Discussion

Model Boundary Conditions for High Activity
The fact that our simulation for high ∆Φ PC underestimates the pressure and temperature in the plasma sheet for high activity indicates that the drift transport alone cannot energize plasma to the observed pressure and temperature for high geomagnetic activity. This suggests that changes in the boundary condition and other control parameters with convection strength may be important contributors to plasma sheet structure during such periods.
It has been shown from observations that the LLBL is an important source for quiet time plasma sheet particles [Fujimoto et al., 1998 ]. It is likely that quiet time conditions are favorable for processes (e.g., the Kelvin-Helmholtz instability Fairfield et al., 2000] ) that allow cold magnetosheath particles to enter the magnetosphere through the flanks. However, the LLBL is much thinner during disturbed times than during quiet times [Mitchell et al., 1987] , which implies that the particle entry processes from the flanks may become less efficient during disturbed times [Miura, 1995] and therefore the particle supply to the plasma sheet from the LLBL is lower if the magnetosheath density remains the same. In addition, Wing and Newell [2002] shows the decrease in the number density along the flanks from periods of southward IMF to northward IMF is more significant in the dusk flank. As for the particles originating from the mantle, those of higher energy that don't have access to the distant tail plasma sheet at low ∆Φ PC could enter the plasma sheet at higher ∆Φ PC because of stronger electric drift towards the equatorial plane. In addition, during the earthward transport from the distant tail plasma sheet to our model boundary, particles are energized and the energization should be stronger at higher ∆Φ PC . This should affect our duskside model boundary more than the dawnside boundary because of protons' duskward drift. Combing these two effects, we expect that the number of high energy particles at the tail model boundary should be larger for disturbed times than for quiet times. Taking into account both the particles from the LLBL and distant tail, the boundary particle sources are expected to become warmer and less dense with increasing ∆Φ PC and the change of magnitude should be more significant on the duskside model boundary .
In the current simulation we modified the boundary condition from its quiet time values because of a significant qualitative disagreement in the dusk to midnight quadrant between our initial runs and the DMSP observations [Wing and Newell, 1998 ]. However, there was no significant disagreement in the midnight to dawn quadrant, which indicates that the particle distributions at the dawnside boundary do not change significantly from quiet to disturbed times. These results are qualitatively consistent with our argument described in the previous paragraph. To provide simple but appropriate boundary conditions for disturbed times, we have kept the dawnside boundary condition unchanged and decreased the number density and increased the temperature at the duskside boundary from their quiet time values. We did not make a further modification to allow the boundary conditions to change with ∆Φ PC because the primary goal of the current study is to isolate the effects of increasing values of ∆Φ PC on the plasma sheet.
Another factor that could contribute significantly to the plasma pressure increase at high activity, but which we have not included in the current simulation, is enhancement in the solar wind dynamic pressure. Compression of the magnetosphere by an increase in the solar wind dynamic pressure results in an increase in the magnetic pressure of the tail lobes, and thus also of the plasma pressure at the equator. Borovsky et al. [1998] show there is a strong correlation between the solar wind dynamic pressure and the plasma sheet pressure. The T96 model shows that the lobe magnetic field pressure increases by a ratio that roughly equals the square root of the increase ratio of the solar wind dynamic pressure if other control parameters are kept constant (e.g., a change in the dynamic pressure from 1 to 10 nPa increases the lobe magnetic pressure by a factor of ~ 3.3). Solar wind dynamic pressure also strongly affects ionospheric currents and auroral activity [e.g., Shue and Kamide, 1998; Zesta et al., 2000] . Thus compression of the magnetosphere may contribute significantly to plasma pressure and temperature increases observed during periods of enhanced geomagnetic activity. In addition, if solar wind dynamic pressure enhancement is either partly or totally due to an increase in solar wind density, then the number of particles that have access to the magnetosphere would be increased. This could affect the total number of particles at our model boundary.
In future we plan to examine the effect of boundary-conditions changes in response to enhancements in ∆Φ PC and solar wind dynamic pressure, as well as of compression due to enhancement of the solar wind dynamic pressure, on our simulated pressures and temperatures for high activity. Figure 13 compares the equatorial partial drifts (computed using equation (4) with a partial pressure p integrated over a given energy range) of low energy protons (protons having energies 1 eV-5 keV at r = 6.6 R E ) and high energy protons (5-200 keV at r = 6.6 R E ) for ∆Φ PC = 98 kV. Superimposed on the partial drifts is partial pressure, partial number density in the equatorial plane, and contours of constant flux tube volume. As can be seen from Figure 13 , the pressure born by high energy protons is two orders of magnitude larger than that pressure of the low energy protons. (Note that the pressure scale for Figure  13a is tow orders of magnitude smaller than the scale for Figure 13b .) The number densities for the higher and lower energy protons are similar. This indicates that a satellite measurement can significantly underestimate number density if the low energy cutoff for its instrument is too high; therefore it is necessary to estimate and include the contribution from particles below the cutoff when obtaining number densities, as was done in Wing and Newell [1998] .
Drift paths of Low and High Energy Protons
As shown in Figure 13 the low energy protons flow mainly perpendicular to the contours of flux tube volume while the high energy protons flow at an angle off of the perpendicular direction because of their higher diamagnetic drift. The difference in the drift directions relative to the contours of constant flux tube volume shows that low energy protons will experience more flux tube volume reduction than high energy protons along their respective drift paths. Therefore, the increase ratios for density and pressure resulting from compression of the flux tube volume (nV = constant and pV 5/3 = constant) are significantly larger for low energy protons than for high energy protons. Even though the low energy protons have large pressure increase ratios, their pressure is too low to be increased to a magnitude that is comparable to the pressure of high energy particles. On the other hand, the smaller increase ratio constrains the increase in the pressure of the high energy particles.
The drift paths also determine the regions in the plasma sheet that can be reached by protons of different energies. As shown in Figure 14 , protons whose energy is 70 keV at r = 6.6 R E (this particular energy channel is chosen because of its large partial pressure. It contributes ~1/3 of the total pressure near midnight) originating from the dawn side can penetrate to a smaller radial distance on the dawn side for ∆Φ PC = 98 kV than for ∆Φ PC = 26 kV before drifting to the dusk side. This penetration not only increases the energization, it also moves the region affected by protons of this particular energy further earthward and dawnward, which explains the pressure enhancement on the dawn side of the plasma sheet for higher activity as shown in Figure3. On the dusk side, the drift path moves a small amount earthward with increasing ∆Φ PC , which affects energy increase for the protons but does not significantly change the region to which the protons have access.
Force Balance Inconsistency
The compression of plasma as it is transported earthward from a larger magnetic flux tube volume to a smaller one results in an increase of plasma pressure. If the plasma is isotropic and the compression is adiabatic, transport from the distant tail to the inner plasma sheet along the midnight meridian might give a pressure that is too high for the pressure gradient force in the inner plasma sheet to be balanced by the magnetic force. This pressure balance inconsistency was first considered by Erickson and Wolf [1980] . However, observations during steady magnetospheric convection (SMC) events show that large scale convection can remain stable for several hours under southward IMF condition [Sergeev, 1994] , which indicates that the force balance can be maintained. It was suggested that the inconsistency might be resolved by taking into account the azimuthal magnetic drift [Tsyganenko, 1982; Kivelson and Spence, 1988] and a self-consistent magnetic field [Hau et al., 1989; Hau, 1991; Erickson, 1992] .
Hau [1991] used a MHD model to obtain steady state solutions for the inner plasma sheet, but the effect of magnetic drift on the radial variation of pV 5/3 was artificially included and it is not certain if the possible steady states they obtained can be reached in a dynamic evolution. Toffoletto et al. [1996 Toffoletto et al. [ , 2001 incorporated the Rice Convection Model (RCM) with a magnetic field relaxation technique developed by Hesse and Birn [1993] to simulate the plasma sheet under enhanced convection. The RCM uses the same methods to calculate the electric and magnetic drifts as those used in the MSM, but it also models self-consistently the interaction between the plasma sheet and the ionospheric electric potential through field aligned current computed at the equatorial plane. Their results show that the plasma pressure increases and the magnetic field adjusts to maintain force balance. This force balance is maintained for at least for 100 minutes under steady convection corresponding to ∆Φ PC = 100 kV. However, the stretched field lines make it difficult for the RCM to calculate the field aligned current at the equatorial plane because the space between grid points becomes too large and the code eventually breaks. Because of this limitation, Toffoletto el al. were not able to obtain a steady and stable plasma sheet under steady enhanced convection.
The partial pressure corresponding to particles of a given energy range varies with V -5/3 as a flux tube is compressed or expanded. Previous modeling has suggested that, when pV 5/3 increases in the inner plasma sheet, the response of the force-balanced magnetic field is to stretch the field lines, thus increase flux tube volume and moderate the pressure. As a result, the radial profile of magnetic field strength at the equatorial plane becomes flatter and a local minimum is formed at the inner edge of the plasma sheet. Simulations also show that the local minimum is deeper if the pressure increase in the inner plasma sheet is larger [Erickson, 1992] . This implies that the strength at the local minimum could approach zero (formation of a neutral point near the Earth) if pV 5/3 gets very high. This also suggests that there is a maximum in plasma pressure for which a magnetic field can provide sufficient magnetic force to balance the pressure gradient force. Therefore, to address the possibility of a pressure balance inconsistency, it is crucial to investigate whether the pressure at the Earth's plasma sheet can increase to this pressure limit.
An unrealistic pressure at the inner plasma sheet can be predicted by a model or simulation if diamagnetic drift, self-consistent magnetic field, or particle distributions are not appropriately taken into account. The pressure increase ratios calculated by Erickson and Wolf [1980] are for a drift path from X = -60 to -10 R E along the midnight meridian. However, this drift path can only be possible for low energy particles since their diamagnetic drift is very small. As we discussed in section 4.2, even though the predicted pressure increase ratios are so large (at least a factor of 10 in Figure 3 of Erickson and Wolf [1980] ) it cannot raise the pressure to the magnitude of observed plasma sheet pressure since the pressure borne by low energy protons is so low. These high ratios do not apply to high energy protons, since their drift paths are very different from low energy protons as discussed in section 4.2 and shown in Figure 13 .
As discussed in section 3.1 and 3.4, the magnitude of pressure and of the pressure increase from quiet to moderate activity from our simulation are reasonable as compared with observations, and our magnetic field is able to provide a force-balanced environment. Our magnetic field radial profiles indicates that increased pressure does indeed drive the magnetic field configuration toward its limitation, but the magnetic field configurations we obtain are still far away from forming a neutral point. Therefore, our simulation suggests that the inner plasma sheet under enhanced convection will not face force balance inconsistency at least to a convection strength corresponding to moderate activity. Our steady state solution qualitatively agrees with the solutions by Hau [1991] , though they obtained field line configurations that are more stretched than those we have obtained. Moreover, our solution is obtained by a simulation with magnetic drift accurately included and the steady state is reached under a dynamic evolution. The conclusion for the force balance inconsistency cannot be drawn conclusively for the plasma sheet for high activity since our current simulation underestimates the pressure for high activity by about a factor of two. Also, we cannot yet rule out the possibility that an earthward motion of the shielding layer or an increased penetrating electric field could affect the pressure balance .
Effect of Diamagnetic Drift on Plasma Pressure Increase
We now discuss the roles of diamagnetic drift and the self-consistent magnetic field on the plasma pressure increase in the inner plasma sheet. An increasing convection electric field drives protons closer to the Earth to stronger magnetic field, and thus to smaller flux tube volumes. But the plasma responds by decreasing the magnetic field strength at the inner plasma sheet and by strengthing the azimuthal current from diamagnetic drift. Furthermore, the increased diamagnetic drift diverts protons around the near-Earth region, reducing the variation in flux tube volume along a drift path and thus moderating the change in pressure and density. We have shown in Figure 13 that the transport of pressure bearing protons in the plasma sheet is strongly affected by diamagnetic drift, and we have also shown in Section 3.5 that the diamagnetic drift increases with increasing activity. Therefore, the plasma pressure increase resulting from an increasing convection electric field is restrained by the feedback from the increasing diamagnetic drift. Figure 15 shows the equatorial proton pressure, magnetic field strength, current density, and magnetic flux tube volume as a function of radial distance along the midnight plane for ∆Φ PC = 26 and 98 kV. We can see from Figure 2 that the proton pressure increase from ∆Φ PC = 26 to 98 kV is larger at smaller radial distances than at larger distances. From force balance, this implies that the lobe magnetic pressure also increases more at smaller radial distances and thus so does the equatorial current per unit distance down the tail. Because of this nonuniform increase in current density as ∆Φ PC increases, B z decreases more from its quiet time value at smaller radial distance than at larger distance, resulting in a flatter radial B z profile at higher activity as seen in Figure 10 . B z at X GSM ~ 20 R E is even slightly higher for ∆Φ PC = 98 kV than for ∆Φ PC = 26 kV even though current density increases at all radial distances. This is because the negative ∆B generated by the increase of current density at X GSM < -20 R E is slightly smaller than the positive ∆B generated by the increase of the current density at X GSM > -20 R E . Therefore the net ∆B is positive. The same explanation applies to the increase of magnetic field at larger radial distances for ∆Φ PC > 110 kV seen in Figure 10 and the formation of a local field minimum when the current density increases.
Effect of a Self-Consistent Magnetic Field on the Pressure Increase
The nonuniform increase in the current density causes the flux tube volume to decrease more slowly with decreasing distance from the Earth at higher ∆Φ PC as shown in Figure 15d . The slopes of the radial profiles of flux tube volume become flatter, implying reduced compression of the plasma as it moves earthward; therefore the feedback of a force-balanced magnetic field to pressure increase is to restrain the pressure increase. Therefore the increased diamagnetic drift and the changes in magnetic field, which are direct consequences of the plasma pressure increase, limit the increase in plasma pressure in the nearEarth plasma sheet and are critical for maintaining force balance as ∆Φ PC is increased.
Hall Term in the Generalized Ohm's law
The generalized Ohm's law is
where η is resistivity and p e is the electron pressure tensor [Siscoe, 1983] . We have used the results from our quiet time simulation to show the Hall term, j×B/ne, is not small enough to be neglected within the quiet time inner plasma sheet [Wang et al., 2001] . During enhanced convection, the current density at the equatorial plane increases while the magnetic field decreases due to field line stretching. The number density in our simulation increases with ∆Φ PC . Therefore, it is important to check if the magnitude of the Hall term is still comparable to the increased convection electric field when ∆Φ PC is increased. Figure 16 shows the ratios of the magnitude of the convection electric field E to the magnitude of j×B/(ne) using the values obtained from this simulation for ∆Φ PC = 98 kV. It is clear from Figure 16 that, despite the decrease of B and increase of n with increasing activity in our simulations, the ratios are less than 2 throughout most part of the inner equatorial plasma sheet. Therefore the Hall term is still very important as compared to E and the frozen-in condition E = -v×B is still not valid in the inner plasma sheet for moderate activity.
Note that the ratio of |E| to |j×B/(ne)| is equivalent to the ratio of the magnitude of electric drift to the magnitude of the diamagnetic drift in (4) when j×B = ∇ ∇ ∇ ∇p. Therefore, the region where diamagnetic drift is important is the region where the frozen-in condition is not valid. We have pointed out in section 3.5 the importance of diamagnetic drift in the total drift in the inner plasma sheet, and the good agreement between our simulated total drift and observations supports our conclusion that the Hall term is important in the plasma sheet. The validity of the frozen-in condition in the plasma sheet for high activity will be examined after we are able to accurately simulate the pressure increase observed for high activity.
Summary
We have simulated the evolution of protons and magnetic field in the inner plasma sheet from quiet times to moderate and high activity by applying a ∆Φ PC that is increased steadily from 26 to 146 kV in five hours. The simulation is also run to steady states separately after ∆Φ PC is increased to 98 and 146 kV by keeping ∆Φ PC constant after it reaches those values. The protons in the plasma sheet are supplied by time-independent boundary particle sources and their electric and magnetic drifts are calculated in a selfconsistent magnetic field. The dawnside tail boundary particle sources consist of protons originating from the mantle and LLBL and are based on observations and the finite-tail-convection model. The duskside tail boundary particle distributions are identical to the dawnside boundary particles distributions without the LLBL contribution. The T96 magnetic field model is supplemented by additional adjustable smallscale current loops that are adjusted self-consistently to maintain 2-D force balance with proton pressure along the midnight meridian.The magnitude of the simulated pressure and temperature in the inner plasma sheet and their increase ratios from quiet to moderate activity are consistent with observations. The simulated number density increases with activity but the dependence is weak. While some observations show increased density with increased activity and some do not, all observations show weak activity dependence for number density. Our simulation underestimates pressure and temperature for high activity by a factor of ~2. This could be a result of some energization processes, such as compression by the solar wind dynamic pressure, not being taken into account in our current simulation. Also, the underestimate might be improved if the temperature (number density) of the boundary particle distribution were allowed to increase (decrease) with activity, as we expect to occur. The change of large scale features in the 2-dimensional equatorial distributions of plasma bulk parameters from quiet to high activity agree qualitatively with the DMSP observations [Wing and Newell, 1998 ], which indicates that slow drift remains the major contributor to plasma evolution in the inner plasma sheet during disturbed times. The simulated electric drift and diamagnetic drifts both enhance with activity, which keeps the drift direction unchanged. The radial profile of the equatorial magnetic field strength becomes flatter as a result of field line stretching, consistent with the conclusions from observational studies for SMC events. Formation of a local magnetic field minimum at the inner edge of the plasma sheet at high activity is also consistent with other models. However, the minima we have found are quite weak. The plasma pressure is found to keep increasing slowly after ∆Φ PC becomes constant at 98 and 146 kV but the increase gradually reaches a steady state, and the total change in pressure and magnetic field after ∆Φ PC becomes constant is not large. Thus the results we have obtained by gradually increasing ∆Φ PC are close to steady state results.
The differences in flux tube volume compression along drift paths for low and high energy protons are important to the plasma sheet thermodynamics. The increase ratios for energy and number density due to compression are significantly larger for low energy particles than for high energy particles. This restrains the pressure increase since it is the high energy protons, not low energy protons, that carry most of the pressure.
The diamagnetic drift and self-consistent magnetic field are strongly affected by changes in the plasma pressure within the plasma sheet. We have investigated their responses to the pressure increase when convection is enhanced, and found that their feedbacks significantly restrain the pressure increase. These feedbacks allow for a steady state plasma and magnetic field configuration within the inner plasma sheet in response to enhanced convection. The feedbacks thus prevent the force balance inconsistency in the inner plasma sheet that can result if the diamagnetic drift, the self-consistent magnetic field, or particle distributions are not appropriately taken into account.
A scale analysis based on our results shows that the Hall term in the generalized Ohm's law is not small enough to be neglected in the inner plasma sheet during convection corresponding to both quiet and moderate activity. Therefore our results suggest that it is not appropriate to use the frozen-in condition, E = -v×B, to approximate the generalized Ohm's law in the region of the inner plasma sheet.
In this study we used a simplified model for a convection increase and have neglected the variation of boundary conditions with activity and the inward motion of the inner edge of the plasma sheet during enhanced convection. Compression due to enhancements in the solar wind dynamic pressure has also not been considered. This has enabled us to single out the increased convection electric field and investigate its role on plasma transport and energization and magnetic field evolution. The results will also provide a base for comparison when these other factors are taken into account in our future simulations. It also should be remembered that we have only considered force balance along the midnight meridian. We hope to eventually be able to evaluate the affect of three-dimensional force balance, but this is currently beyond the capabilities of our model. (number/cm 3 ), and (c) proton temperature (keV) averaged over |Y GSM | ≤ 10 R E as a function of ∆Φ pc . Dashed lines are for the region -10 R E > X GSM > -16 R E , dotted line are for the region -16 R E > X GSM > -22 R E , and solid lines are for the region -10 R E > X GSM > -22 R E . The thin dashed-and-dotted line in proton temperature is averaged over |Y GSM | ≤ 15 R E and -10 R E > X GSM > -22 R E . Baumjohann et al.
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